For removing the impulse noise with better edge and fine detail preservation, we propose an iterative bilateral weighted median (IBWM) filter. Instead of the specified weight of WM filters, we propose a novel weight fuction, bilateral weight (BW) where is the combination of domain weight (DW) in spatial domain and range weight (RW) in intensity domain. The DW is designed to give higher weight to pixels that are spatially close to a center pixel. And the RW is designed to give higher weight to pixels that are similar to the mean value of pixels in the filtering window. Finally, the rates of DW and RW are controlled according to noise distributions in a filtering window. For ensuring high accuracy of noise detection, the IBWM filter uses iterative process using increasing filtering window size. Simulation results indicate that our algorithm provides a significant improvement than any other existing techniques.
Introduction
Images are frequently corrupted by impulse noises due to errors generated in noisy sensors and communication channels [1] . The performance of the subsequent image processing such as edge detection, image segmentation and object tracking etc. might get worse if noises with high density exist in an input image. Therefore, detecting noise and replacing the noise pixel with an appropriate value is an important work for image processing.
The standard median (SM) filter [1] exploits the rank-order information of pixel intensities within a filtering window and replaces the center pixel with the median value. Due to its effectiveness in noise suppression and simplicity in implementation, the modified SM filters have been introduced, such as the weighted median (WM) filter [2] , the center weighted median (CWM) filter [3] . However, these previous median-based filters are applied invariantly to all the pixels in the image, then cause the alteration of the good pixel and fail to reconstruct edge region from impulses.
An effective solution to address the above problem is to incorporate switching-based filters, such as the progressive switching median (PSM) filter [4] , the adaptive center-weighted median (ACWM) filter [5] and the pixelwise MAD (PWMAD) filter [6] . The use of a switching scheme to remove impulses is useful because it can avoid the damage of good pixels by employing an impulse detector to determine which pixels should be filtered. However, they perform badly in noise detection and damage the important image details or retain numerous impulses in the filtered images at a high noise ratio.
Recently, the decision-based algorithm (DBA) [7] has been introduced to remove the corrupted pixel by the median or its neighboring pixel value. After the row, column, and right diagonal sorting in a 3 × 3 window, the distribution information of the minimum, maximum, and median decides whether the processed pixel is a noisy pixel or not. The modified switching median (MSM) filter [8] based on the PSM filter has been proposed based on the rank order arrangement of the pixels in a filtering window. Originally, the PSM filter decides noisy pixels through the threshold of the difference between an original pixel and a median in the filtering window. For more detective performance of the PSM filter, MSWM filter uses another threshold of rank order of pixels in the filtering window. These filters are good in determining the noise pixel, even in high noise density. However, these filters still tend to degrade details of the image in extremely high impulse occurrence (e.g., ≥ 50%).
In this letter, we propose an iterative bilateral weighted median (IBWM) filter, which uses the bilateral (BW), the combination of the domain weight (DW) in spatial domain and the range weight (RW) in intensity domain in a filtering window. The BW is proposed based on the domain and range filtering scheme in the bilateral filter [9] . The proposed IBWM filter is shown in Fig. 1 . 
Basic WM filter
The WM filter is introduced as the generalization of the SM filter [2] , where a nonnegative integer weight is assigned to each position in the filtering window. It enables filters to be designed with a wide variety of properties. Assume the size of a filtering window is (2N + 1) × (2N + 1). X i,j l,k denotes a pixel value located distance (l, k) away from (i, j). Ω N i,j represents the set of pixels within the filtering window centered on (i, j) as the following:
For the pixels of the filtering window, the output Y N i,j of the WM filter with the real positive weights W N i,j is as the following: 
Using the WM approach and assigning the only positive integer weighting coefficient to the central pixel, the CWM filter is reported in [3] .
The Proposed IBWM filter

An impulse detector
Let p i,j denotes a current pixel at coordinate (i, j). Generally, the value of a pixel corrupted by fixed-value impulse noise is located at one of the ends in the interval of possible pixel value in the image. So, we define two noise indexs, NI s and NI p for the impulse noise detection. They given as
Where NI s and NI p are the estimated intensity values of "salt" and "pepper" noises, respectively, in those previously processed pixels ranging from p 0,0 to p i,j . Max i,j and Min i,j mean the maximum and minimum gray-scale values in those filtering windows processed from the first one Ω N 0,0 to the current one Ω N i,j . If Max i,j is equal to Max i,j−1 , it is very easy to estimate the occurrence of the "salt" noise in the current image. Hence, we set NI s to Max i,j . On the contrary, if Max i,j is not equal to Max i,j−1 , we cannot conclude that the value of Max i,j is the intensity value of "salt" noise. In this case, we set NI s to 255. Similarly, the estimated intensity value of "pepper" noise NI p can be determined.
Finally, if the intensity value of current pixel is equal to NI s or NI p , the current pixel p i,j is treated as a noisy pixel and the IBWM filter mentioned in the next paragraph is employed to reconstruct a new pixel. If not, the current pixel is treated as a noise-free pixel.
The proposed BW function and iterative procedure
The proposed IBWM filter adopts the DW in spatial domain and RW in intensity domain in a filtering window to reinforce the weights in basic the WM filter. The DW gives higher weight to pixels that are spatially close to a center pixel. The range filter gives higher weight to pixels that are similar to the mean value of pixels in the filtering window. At first, the DW D
Where C is the maximum weight and is decided by filtering window size (C = N ) experimently. A larger window size makes the maximum weight higher.
Where S i,j l,k represents a similarity degree with M for the pixels in filtering window and M is the mean of the pixels in filtering window except for the current pixel at (i, j). S max is the maximum similarity degree in filtering window. Additionally, we used ceil function (round towards plus infinity) at the calculation of the DW and RW coefficient in Matlab 2007 tools because these weight values have a decimal point. The BW W i,j l,k can be represented by sum of the DW and the RW. Finally, the weight decision function is defined as
if any pixel in fintering window is a noisy pixel 2N + 1) × (2N + 1) ), β = α − 1 are the control factor of the DW and the RW, and D is the number of noisy pixels in filtering window. This means that the BW gives higher ratio to DW than the RW at a higher noise ratio. If any pixel in the current filtering window is a noisy pixel, the BW of the pixel is equal to 1 to reduce the effect of those pixels (BW correction).
For higher accuracy of noise detection, we apply our method iteratively with increased filtering window size. At the early iterations, the IBWM filter detects many noisy pixels and replaces the pixels with the output of the IBWM filter. But a result image may contain residual noise pixels. To solve this problem, we use the variance of the result image. As more noise pixels in result image are reduced through the iteration process, the variance of the result image is also smaller. So the conditional formula for iteration decision is given by 
Experimental results
We compare our method with the previous methods for removal of fixedvalued impulse noises. To verify the characteristics and performances of each method, a variety of simulations are carried out on the two well-known 512 × 512 8-bit gray-scale test images: Lena and Baboon. In simulations, images are corrupted by salt-pepper noises, where 255 represents the "salt" noise and 0 represents the "pepper" noise with equal probability. A wide range of noise ratios varied from10% to 90% with increments of 10% are used. Objective and subjective tests are made with CWM filter with 5 × 5 window size and a center weight of 3, PSM filter, ACWM filter, PWMAD filter, DBA filter, MSM filter, and IBWM filter.
The peak signal-to-noise ratio (PSNR) is used for objective tests for the reconstructed images of various methods. The comparisons of restoration results in PSNR for the reference images corrupted with various impulse noise ratios are shown in Fig. 2 . It is easy to see that our method provides the best results quantitatively and qualitatively. In order to explore the visual equality, Fig. 3 show the reconstructed images (enlarged locally) of respective methods in restoring 50% (Lena, 3 iteration) and 70% (Baboon, 5 iteration) corrupted image. Obviously, our method performs significantly better than other methods.
Conclusion
Instead of the specified weight of the WM filters, we propose IBWM filter using the proposed weight function, BW where is the combination of DW in spatial domain and RW in intensity domain by using the feature of the bilateral filter. The DW is designed to give higher weight to pixels that are spatially close to a center pixel. And the RW is designed to give higher weight to pixels that are similar to the mean value of pixels in the filtering window. Finally, the rates of DW and RW are controlled according to noise distributions in a filtering window. For ensuring high accuracy of noise detection, the IBWM filter uses iterative process using increasing filtering window size.
